Recent studies have demonstrated that Rickettsia prowazekii can regulate transcription of selected genes at the level of initiation. However, little information concerning the existence of operons and coordinate gene regulation in this obligate intracellular parasitic bacterium is available. To address these issues, we have focused on the rpoD gene linkage group (greA-open reading frame 23 [ORF23]-dnaG-rpoD), which includes the rickettsial analog (ORF23-dnaG-rpoD) of the major macromolecular synthesis operon (MMSO). The rickettsial MMSO consists of an ORF coding for a protein of unknown function the structural genes for DNA primase (dnaG) and the major sigma factor of RNA polymerase (rpoD). RNase protection assays (RPA) were used to determine if these genes are organized into an operon controlled by multiple promoters and the quantities of transcripts produced by these genes relative to each other. RPA with a probe spanning the 270-base greA-ORF23 intervening region identified a putative transcriptional promoter within the intervening sequence. Multiple RPA probes spanning the next 4,041 bases of the linkage group demonstrated the presence of a continuous transcript and thus the existence of an operon. A probe spanning the dnaG-rpoD region revealed that two additional mRNA fragments were also protected, which enabled us to identify additional putative promoters for rpoD within dnaG. Primer extension determined that the 5 ends of the three transcripts consist separately of adenine (located 227 bases upstream of ORF23) and uracil and adenine (located 336 and 250 bases upstream of rpoD, respectively). Quantitation of transcripts produced by the three ORFs determined the relative amounts of transcripts (ORF23 to dnaG to rpoD) to be 1:2.7:5.1.
The obligate intracellular pathogen Rickettsia prowazekii is a bacterium with gram-negative morphology and the etiologic agent of epidemic typhus. The ability of this organism to invade a host cell and grow freely in the cytoplasm until rickettsia-induced cell lysis occurs is the basis for its pathogenicity. Despite R. prowazekii's nutrient-rich environment and numerous pathways to exploit this environment, the organism maintains an 8-to 12-h replication time (35) . This relatively slow replication time can be attributed to any number of factors, with macromolecular synthesis (MMS) mechanisms being possible targets of regulation. These mechanisms, of course, include DNA replication, transcription of the various RNA species, and protein synthesis processes. Within the plethora of regulatory strategies controlling these fundamental processes in bacteria, regulation of gene expression by altering the number of translatable transcripts is by far the most common strategy.
Although comparatively little is known about the in vivo regulatory mechanisms employed by R. prowazekii, our understanding of this pathogen's metabolic and molecular structures and capabilities is increasing. R. prowazekii has a genome size of 1.1 Mb (13) , and an initial survey of gene content and coding capacity has recently been published (1) . Studies have shown that R. prowazekii has protein and ribosomal concentrations comparable to those of Escherichia coli (25) and that it has a classic RNA polymerase with subunits homologous to those of E. coli (9) . However, there are differences in the rickettsial RNA polymerase's capabilities (2, 3, 10, 11) . The rickettsial polymerase demonstrates a reduced saturation of the sigma subunit, and in vitro runoff assays have determined that the capacity of R. prowazekii RNA polymerase to melt DNA is lower than that of E. coli RNA polymerase, although it will transcribe RNA from consensus E. coli promoters. The results of these studies, along with the identification of transcriptional promoters which demonstrate growth-dependent regulation of expression for the rickettsial ATP/ADP translocase (tlc) and citrate synthase genes (gltA) (5, 7), led to an examination of the transcriptional profiles of multigene linkage groups of R. prowazekii.
Within prokaryotes, the coexpression of multiple genes from a single transcriptional unit, or operon, is a hallmark of transcriptional regulation and one of the first-characterized regulatory strategies (16) . The region of R. prowazekii homologous to the E. coli MMS operon (MMSO) was chosen as a target to investigate the transcriptional regulation of a rickettsial multigene linkage group. The rickettsial MMSO consists of three open reading frames (ORFs), which appear to be present as single copies within the rickettsial genome (21, 22) . The first (ORF23) potentially encodes a protein of unknown function, the second (dnaG) encodes DNA primase and exhibits 30.5% amino acid identity to E. coli primase (22) , and the third (rpoD) encodes the major sigma factor of RNA polymerase (3, 21) . With 4 bases between the first and second ORFs and 18 bases between the second and third ORFs, the R. prowazekii ORFs present an MMSO with the smallest intervening sequences of any characterized bacterial species.
The MMSO is a highly conserved and regulated bacterial operon which, in E. coli, contains genes involved in the initiation of all three fundamental MMS processes (4, 19) . The E. coli MMSO is made up of three genes, rpsU (which produces the S21 ribosomal protein), dnaG, and rpoD (4, 18) . The in-tricate control of this operon in E. coli results in an approximate 1,000:1:100 ratio of S21 to primase to sigma factor (17, 26) . Rho-independent transcriptional termination after the rpsU ORF accounts for the termination of 90% of the transcripts (4, 18) , and an RNase E digestion of the 3Ј end of the dnaG transcript accounts for another 10-fold reduction in expressible mRNA for primase, relative to the level of the sigma factor (38) .
Homologous regions demonstrating somewhat different gene arrangements and transcriptional regulatory strategies have been observed in two gram-positive organisms. Bacillus subtilis and Listeria monocytogenes have, respectively, 23-and 17-kDa ORFs of unknown functions as the first genes of their MMSO homologs. These ORFs demonstrate no homology to R. prowazekii ORF23 or E. coli rpsU but a high degree of homology with one another (23) . Like R. prowazekii and E. coli, the second and third genes of these operons encode primase (dnaG) and the major sigma factor ( 43 ), respectively (23, 32) . In B. subtilis there are two promoters upstream of ORF23, another promoter within the 5Ј end of ORF23 (not seen in E. coli), and a heat shock promoter for rpoD within the 3Ј end of dnaG (32, 33) . Sequence analysis of the L. monocytogenes MMSO region suggests the presence of only one promoter upstream of ORF17, with no additional promoter-like sequences being found within the ORFs (23) . Neither of these gram-positive organisms possess rho-independent termination sequences in the intervening spaces (23, 32 ). It appears that for these bacteria, the operons are controlled by a less complex regulatory strategy than the one employed for the expression of E. coli MMSO transcripts. In this study we analyze the gene organization and transcriptional profile of R. prowazekii's MMSO-homologous region in an effort to further our understanding of this obligate intracellular parasite within its unique environmental niche.
MATERIALS AND METHODS
Growth of bacterial strains. R. prowazekii Madrid E seed pool passage 282 was used to infect mouse fibroblast L929 cells. For the isolation of RNA, monolayers 36 to 48 h after rickettsiael infection were lysed and total RNA was harvested by the hot-phenol method (6, 12) . Chromosomal DNA was isolated from the Madrid E strain of R. prowazekii as previously described (37) .
The E. coli bacterial strain XL1-Blue was the host for all plasmids used in this study. E. coli strains were grown on Luria-Bertani medium by standard techniques (27) .
Recombinant DNA techniques. The sequences of the R. prowazekii MMSO genes can be accessed with GenBank accession number U02878. All DNA manipulations were performed by standard genetic and molecular techniques (27) . Plasmid DNA was purified with either a Perfect Prep kit (5Ј-3Ј Inc., Boulder, Colo.) or a Wizard prep kit (Promega, Madison, Wis.). Restriction enzymes were obtained from Life Technologies (Gaithersburg, Md.), New England Biolabs (Beverly, Mass.), and Promega and used according to the manufacturers' instructions. Probe plasmids were constructed by PCR with oligonucleotides purchased from Oligos Etc. Inc. (Guilford, Conn.), DNAgency (Aston, Penn.), and the University of South Alabama College of Medicine Biopolymer Center. PCRs of 100 l with 100 ng of template and a primer concentration of 1 M were performed on a model 9600 thermal cycler (Perkin-Elmer Cetus, Norwalk, Conn.) with Vent DNA polymerase (New England Biolabs) according to the manufacturer's instruction. The blunt-ended PCR products obtained were purified with a GeneClean II kit (Bio 101, La Jolla, Calif.), ligated into the HincII site of pBluescript SKIIϩ (Stratagene, La Jolla, Calif.) with T 4 DNA ligase (Life Technologies), and subsequently transformed into E. coli XL1-Blue. Clones positive for inserts in the multicloning site were confirmed, and insert orientations were established by dideoxy sequencing (28) with a Sequenase, version 2.0, kit (Amersham Life Science, Inc., Cleveland, Ohio) and the Ϫ40 universal primer. Radiolabeled 35 S-ATP (1,000 Ci/mmol) used in sequencing reactions was purchased from Dupont (Boston, Mass.).
RNA techniques. RNase protection assays (RPA) were conducted in two ways: (i) according to the standard technique with 80% formamide buffer for hybridization (27) and (ii) by the 1 M NaCl hybridization method (24) . Briefly, radiolabeled single-strand RNA probes were generated from linearized plasmids with a Riboprobe kit (Promega), T 7 or T 3 RNA polymerase (depending on insert orientation), and [␣-32 P]UTP (800 Ci/mmol; ICN, Costa Mesa, Calif.). Labeled probe (10 6 cpm) was then precipitated along with 60 to 100 g of total RNA from rickettsia-infected L929 cells. After centrifugation and removal of ethanol, the probe-RNA precipitate was resuspended in 30 l of hybridization solution from one of the two RPA techniques and the rest of the assay was completed as previously published (6) . Relative quantities of protected probes were calculated with the Molecular Analyst program (Bio-Rad, Hercules, Calif.) from data acquired from phosphorimage scans of the polyacrylamide gels. The number of radioactive nucleotides present in each probe was taken into account. In the analysis of each protected fragment, the total counts within areas of equal sizes were compared. To eliminate background signal arising from the incomplete digestion of larger probes, the total count of an area directly above and the same size as that of the protected fragment was subtracted as background for the fragment.
Primer extension (PE) assays were conducted with a PE kit (Promega) according to the manufacturer's instructions, except 100 g of total RNA from rickettsia-infected L929 cells were used in the assay and [␥-
32 P]ATP (Ͼ7,000 Ci/mmol; ICN) was used to end label the primers. Primers used in these assays, DW90 (5Ј-CACAATTATTATATCTAGGG-3Ј) and DW91 (5Ј-GCTAATACG GTATTCCTG-3Ј), were purchased from Life Technologies.
RESULTS
Characterization of a rickettsial operon. To observe the in vivo transcriptional regulation of this putative operon, the RPA was employed to determine approximate start sites and the continuity of transcripts. This assay was chosen over other RNA techniques for its exceptional sensitivity (27) and its ability to localize regions of interest. Due to the short half-life of rickettsial message (6) and the lengthy protocol required for the purification of rickettsiae (8, 34, 36) , total RNA from rickettsia-infected L929 cells must be used in the analysis of in vivo rickettsial message. The sensitivity of the RPA makes it possible to detect rickettsial message within this host cell background.
Twelve overlapping rickettsia-specific probes spanning 4,472 bp, from 656 bases upstream of the ORF23 start codon through base 1397 of the 1,911-base rpoD gene, were designed with a minimum sequence overlap of 57 bp (Fig. 1) . A 265-base fragment of probe A was protected ( Fig. 2A) , while full-length protected fragments were observed with probes B through L (Fig. 2B to L) . The probe A RPA indicated that a rickettsiaspecific transcript begins approximately 250 bases upstream of ORF23. Probes D and I span the ORF23-dnaG and dnaGrpoD intervening regions, respectively (Fig. 1) . Another probe, H, while not spanning the intervening region, covers the 3Ј end of dnaG and overlaps probe I by 180 bases. These probes were designed to detect transcript initiation within these regions. Figure 2 shows that probes D, H, and I are fully protected, with fragments of 388, 549, and 502 bases, respectively, having been detected. This provides evidence that R. prowazekii produces transcripts which are continuous among the ORF23, dnaG, and rpoD ORFs. In addition to being full length, probe H demonstrates additional protected fragments of 210 and 120 bases, while probe I has an additional protected fragment of 480 bases (seen as a smaller fragment directly below the fulllength fragment). This 480-base fragment corresponds to the 120-base fragment of probe H due to the 180-base overlap between the probes. Smaller fragments of probe I can also be seen but are of much less intensity. The RPA data with these 12 probes demonstrates the existence of a transcript spanning multiple ORFs, which is the common definition of an operon. The data in Fig. 2 also provides evidence that additional transcripts exist for sigma factor, indicating possible internal regulation of this operon.
Identification of transcript start sites. After the approximate 5Ј ends of the rickettsial MMSO transcripts were identified with RPA probes A and H, the first bases of these transcripts were identified by PE. Primer DW90 is an 18-mer designed for the detection of the 5Ј end of the primary transcript, located approximately 250 bases upstream of the ORF23 start. Figure 3 illustrates the position of DW90 relative to ORF23, with panel A showing the PE product. The PE product migrates with a thymine in the sequence, indicating that the first base of the transcript is the corresponding adenine. DW91, an 18-mer designed to determine the first base of the transcripts found by RPA probes H and I, was able to detect both additional transcripts simultaneously (Fig. 3B) . With sequence reactions generated with oligonucleotide DW91 as a reference, the 5Ј ends of these transcripts were found to migrate with thymine, 336 bases upstream, and adenine, 250 bases upstream of the start site of rpoD, indicating that the 5Ј ends of these transcripts are adenine and uracil, respectively. Figure 4 indicates the 5Ј ends of the transcripts within the GenBank U02878 sequence, the Ϫ35 and Ϫ10 upstream sequences, and their relationships to the ORFs of the gene linkage group. The putative Ϫ35 and Ϫ10 regions upstream of the first transcript (MMSO-1) are TTGTAT (Ϫ35) and TATACT (Ϫ10). The additional rpoD transcripts (rpoD-1 and rpoD-2) have putative promoter regions of TTGAAG (Ϫ35), TTAAAT (Ϫ10), TAGCTT (Ϫ35), and TATTAT (Ϫ10). These sequences have 17 bases between them and are positioned correctly in relation to the respective start bases of the transcripts, when they are compared with the consensus E. coli Ϫ35 (TTGACA) and Ϫ10 (TATAAT) regions. Comparisons with previously characterized rickettsial promoters (5, 6) for gltA and tlc revealed homology (data not shown) to these sequences as well. Taking into consideration the general homology and spacing of these Ϫ35 and Ϫ10 sequences, it appears that these transcripts are the results of transcription initiation.
Comparative quantitation of messages. The tremendous discrepancy between the quantities of gene products and transcripts found for the E. coli MMSO genes is an excellent example of regulation which may occur within a single operon. Therefore, we characterized the relative quantities of transcripts available for the expression of the three genes within the operon. RPA were performed with probes B, G, and L simultaneously. These three probes were fully protected during RPA and represented transcripts from ORF23, dnaG, and (Fig. 1) . Lanes 1, undigested full-length probe; lanes 2, singlestranded RNA ladder, with sizes (in bases) indicated at the right of the gel; lanes 3, total RNA from rickettsia-infected L929 cells. rpoD, respectively (Fig. 1) . Figure 5 shows three independent, representative RPA with these three probes being used simultaneously. Calculations from 11 independent assays revealed a ratio of 1:2.7 Ϯ 0.4:5.1 Ϯ 0.7 among the B, G, and L probes, respectively (P Ͻ 0.001), further supporting the idea that additional promoters are represented by the two additional transcripts beginning upstream of rpoD.
DISCUSSION
In an effort to better understand the mechanisms involved in R. prowazekii gene expression, we have analyzed the R. prowazekii MMSO as a model of multigene transcription. By techniques that successfully identified the rickettsial tlc and gltA transcripts (5-7), comparable levels of detection of the MMSO transcripts were determined. The data from RPA, PE, and quantitative RPA provided definitive evidence that these genes are organized into an operon in R. prowazekii. However, the gene organization found in R. prowazekii differs from those of operons characterized for other bacteria. While R. prowazekii does have an ORF of unknown function as the first gene of the operon, it is not homologous to either the grampositive ORFs or rpsU, present in E. coli and other gramnegative organisms (14, 31) . Like B. subtilis and L. monocytogenes, and unlike E. coli, R. prowazekii does not appear to possess a significant transcriptional terminator between the first two genes of this operon. Analysis of the R. prowazekii sequence surrounding the junction of ORF23 and dnaG did not reveal any significant stem loop structures as seen in classic rho-independent-type transcriptional terminators, such as those present in the E. coli MMSO. Thus, the twofold difference in the quantity of R. prowazekii ORF23 transcript from that of dnaG transcript was unexpected and is most likely due to the instability of ORF23 5Ј message. The position of probe B, which overlaps the MMSO-1 start adenine by two bases, places it in a position to be affected by any 5Ј exonuclease activity, thus decreasing the relative quantities of probes B to G. While it can be proposed that additional transcriptional initiation sites, defined RNase digestion sites, or an inefficient termination mechanism may be present in the region between these two probes, transcripts resulting from these activities could not be detected by RPA. Considering the sensitivity of RPA, these possibilities are remote.
Promoters for rpoD which lie within dnaG have been characterized for E. coli and B. subtilis and found to function under stress conditions (18, 30, 32) . In E. coli, this is in addition to two weak constitutive promoters found in the same area (20, 30) . Therefore, the appearance of additional transcripts for R. prowazekii rpoD which start within dnaG during normal growth conditions is consistent with that for E. coli. Determination of the 5Ј ends of these transcripts by RPA and PE placed the putative start sites 318 and 232 bases within the ORF of dnaG, respectively. Analysis of the Ϫ35 and Ϫ10 regions of these transcripts revealed homology to previously characterized rickettsial promoters which have been shown to be constitutively expressed (7), leading us to believe that these transcripts are also constitutive. Another possibility currently under investigation is the presence of stable RNase digestion sites as seen in the E. coli dnaG-rpoD intervening region (38) . Although consensus RNase E digestion site sequences found in E. coli were not observed near the 5Ј bases of the transcripts detected for R. prowazekii rpoD, the possibility of stable digestion products cannot be ruled out.
The ratio of the relative quantities of rpoD to dnaG transcripts is approximately 2:1. Interpretations as to what this ratio may mean for the cellular levels of these gene products in R. prowazekii cannot be made at this time. However, on the basis of this twofold difference in amounts of transcripts, significant posttranscriptional regulatory mechanisms would have to occur to produce the 100:1 sigma factor-to-primase ratio observed for E. coli (15, 26) . These processes, if present, would have to make the transcripts characterized here either inactive, unavailable for translation, or poorly translated, as seen with the E. coli and B. subtilis primases (29, 33) .
Analysis of the R. prowazekii MMSO has revealed an operon exhibiting a unique gene organization and transcriptional control. The relatively small differences in transcript quantities of the R. prowazekii dnaG and rpoD genes raise the question of alternate regulatory mechanisms undetectable by present experimental methods. Continued investigations of transcriptional regulation and the development of new techniques by which to examine the molecular processes of these obligate intracellular parasites in their cytoplasmic environment will enable us to broaden our understanding of these unusual organisms.
